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Experimental study of ion heating and acceleration during magnetic
reconnection *
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lon heating and acceleration has been studied in the well-characterized reconnection layer of the
Magnetic Reconnection Experimef#. Yamada et al, Phys. Plasmagl, 1936 (1997]. lon
temperature in the layer rises substantially during null-helicity reconnection in which reconnecting
field lines are anti-parallel. The plasma outflow is sub-Atfieedue to a downstream back pressure.

An ion energy balance calculation based on the data and including classical viscous heating
indicates that ions are heated largely via nonclassical mechanismsT; Tige is much smaller
during co-helicity reconnection in which field lines reconnect obliquely. This is consistent with a
slower reconnection rate and a smaller resistivity enhancement over the Spitzer value. These
observations show that nonclassical dissipation mechanisms can play an important role both in
heating the ions and in facilitating the reconnection process2081 American Institute of Physics.
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I. INTRODUCTION native concept fusion or the minimization and control of
confinement-degrading effects in tokamak plasmas.
Magnetic reconnectioh,the topological rearrangement Recent research on the Magnetic Reconnection

and annihilation of magnetic flux in a hlghly conductive Experimerﬁ (MRX) has focused on ion heating and accel-
plasma, is thought to play a central role in coronal heatingeration during magnetic reconnectidhUsing a novel spec-
magnetospheric dynamics, and “anomalous” ion heating inroscopy prob@developed at the University of Wisconsin—
reversed-field pinches and spheromaks. Although reconnegsadison, local ion temperature was measured in the well-
tion is invoked frequently as an ion heating or accelerationsparacterized two-dimensional(2D), quasi-steady-state
mechanism, a detailed understanding of the energy convefaconnection layer of MRX. Important questions addressed
sion process is still lacking, largely due to the limited accesyq this work include:(1) whether ions are heated by recon-
sibility of reconnection events _in_both naturally occ_urring nection, (2) whether energetic plasma flows develdg)

and laboratory plasmas. Description of the process is Oft("’\?\/hat fraction of the dissipated magnetic energy is converted

limited to “black box phenomenqlogy, in which the |'nput to ion energy, and4) what is the nature of the energy con-
parameters are, for example, implications for magnetic null§/ersion mechaniste). It is found that ion temperature,

(suc.h as su'nspot groupsr measurable magnetic quctua_tlons rises by a factor of 3 in the reconnection layer during null-
(as in RFP’$, and the output parameters are energetic par;

) : . ; helicity reconnectiorinegligible out-of-plane fieldand, fur-
ticle beams or enhanced global ion heating, respectively. Th’%ermore, that tha, rise is causally linked to the reconnec-

details of this black box, however, are fundamental to plasm:{\ .
S oo . : ion process. The well-known Alfwéc plasma outflows of
physics since reconnection is a virtually unavoidable process

in all magnetized plasmas. Becau$ecal reconnection clazs%al magtnet;)hydroddyna’\r;:;:;MdHD)t recznnect;on
changeglobal magnetic field topology, overall plasma equi- Lno ke are nvo Served in bal ue IO ? lownbs rez(ijm
librium and confinement properties can be profoundly af- ack-pressure. An lon energy balance calculation, based on

fected. A well-known example of this is the interaction of the experimental data and including classical viscous heating by

solar wind with the Earth’s magnetosphere, in which reconihe sub-Alfvanic flows, indicates that most of the ion heating

nection along the day-side magnetopause and the polar Cugﬁcurs via nonclassical mechanisms. Here, “nonclassical” is

regions allow solar wind plasma to penetrate into the maggefined as something other than classical Coulomb interac-

netospheric cavity, occasionally leading to large-scale geoions with ohmically heated electrons or classical viscous
magnetic storms. Detailed understanding of the magnetic eddteractions with energetic flows, and can include, for ex-
ergy conversion process could also be the first step towar@MPple, turbulent wave-particle interactidms effects arising

eventual creative application of such understanding to alterffrom two-fluid Hall dynamicé*z TheT; rise is much smaller
during co-helicity reconnectiortfinite out-of-plane fielg,

nsistent with the slower reconnection r n lower
*Paper VI1 3, Bull. Am. Phys. Sod5, 322 (2000. consistent .t. t e slower reconnection rate a_d a lowe
o
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nonclassical dissipation mechanisms can play an important @
role both in heating ions and in facilitating the reconnection vacuum vessel e IDSP
process. \ e

It is important to note that prior to this work, locai
measurements had not been made in conjunction with well-

flux core flux core

characterized reconnection events, although correlations be- o

tween reconnection and global ion heating as well as ener- 50 cm—

getic ion flows have been reported on TS-3 at the University R 75 cm
of Tokyo® and on SSX (Swarthmore Spheromak e LG
Experiment.!® In the prior experiments, reconnection was Z e

generated by colliding two spheromaks together at a substan- ®)

tial fraction of the Alfven speed. Possible strong compres-
sional heating during the collision could complicate the in-
terpretation of any observed ion heating and acceleration.
The slow formation scheme of MRX allows a quasi-steady-
state reconnection layer to form, with magnetic energy dis-
sipation being the dominant heating source. The other main
distinction between the present work and prior experimentgg, 1. (a) A schematic of the upper-half plane of MRX, showing the flux
is the direct local measurement of the majority ion temperaeores, position of the IDSP, and the coordinate systémA schematic
ture. Prior results were based on line-of-sight averagedlustra_ting motion of plasma a_nd contours of constant poloidal flux and
neutgzall and impurity emissiSnor ion flux at the vacuum formation of the pull reconnection layer.

wall.

This paper is organized as follows. Section Il describes
the experimental setup, plasma formation and configurationsarity, the toroidal (out-of-plane field B, is negligible (fi-
and diagnostics. Section Il preseftsmeasurements which nite), resulting in null-helicity(co-helicity) reconnection. For
show a rise ifT; that is causally linked to reconnection, both more details on the experimental apparatus, please see Ref.
temporally and spatially. In this section, it is also shown that2. Previously, detailed magnetic field measurements from the
the T; rise is much smaller for co-helicity compared to null- reconnection layer were reportédevealing Y-shapedO-
helicity reconnection. Section IV presents measurements ashaped diffusion regions in the null-helicity(co-helicity)
both downstream and toroidal ion flow, showing that flowscase and a neutral sheet half-thicknegs-c/w~ p;
which develop in either direction are sub-Alfvie in magni-  ~2cm, wherew,; is the ion plasma frequency. The recon-
tude (within measurement resolutinnBased on the experi- nection rate was found to be consistent with a generalized
mental data, an ion energy balance is calculated in Sec. \Gweet—Parker modelin which the effects of compressibil-
showing that classical viscous heating by the flows is smality, downstream pressure, and nonclassical resistivity are
and that the ions are heated predominantly due to nonclassionsidered. More recently, the profile and thickness of the
cal mechanisms. Section VI discusses the relationship bareutral sheet in MRX was showhto agree with a modified
tween ion heating and resistivity enhancement and provideSarris sheet equilibriunt®
a discussion on the possible nonclassical ion heating mecha- In MRX, all three components of the magnetic field vec-
nisms. The paper concludes with a summary. tor B are measured locally using magnetic probe arrays, and
electron densityr, and temperaturé&, are measured using a
triple Langmuir probe. Other reconnection quantities are in-
ferred from the direct measurements, including the poloidal

Experiments were performed on MBXvhich produces flux z//Ef(FfZWR’BZ(R’)dR’ (invoking axisymmetryf), re-
plasmas satisfying the MHD criteria globallg$ 1, p;<L, connection layer current density,~—(dBz/dR)/ ug, re-
Va<c, whereSis the Lundquist numbelp; the ion gyro- connection electric fieldE ;= — (dy/t)/2wR, resistivity in
radius,L the characteristic length of the reconnection layerthe reconnection layem*=E,/j,, Spitzer resistivity »
V, the Alfvén speed, and the speed of light Formation — ~T, %2, Alfvén speed/,=B/\/uop (using the reconnecting
and control of the reconnection layer in MRX is unique B at the edge of the laygrand plasma inflow speeWy
among laboratory experiments. “Flux-cores” containing to- =~ — (dy/dt)/(dyl IR) (invoking flux-freezing outside the
roidal field (TF) and poloidal field(PF coils, shown in Fig. diffusion regior). The experiments reported here use pure
1(a), allow the controlled formation of a toroidal, axisym- helium discharges in order to achieve a direct measurement
metric reconnection layer, shown schematically in Fign)1  of T, via Doppler spectroscopy of the Hell 4686 A line.
The arrows represent the motion of plasma and magnetic fluRarameters for the present experiments are as follows:
during “pull” reconnection, in which “public flux” linking ~ ~5x10" cm 3, T,~10-15 eV, andl;~5-15 eV(all in
both flux cores is reconnected into “private flux” linking the reconnection laygrB~250 G at the edge of the layer,
each individual flux core. This sequence produces a recorand S= ugLV,/ n~250-500. Qualitative features of the re-
nection layer elongated in th&direction which persists for connection layer for the present helium discharges are simi-
approximately 10 Alfva transit times ¢a=L/Vo~1.5 us). lar to those of previously reported hydrogen dischafges,
When the TF coils are connected with opposgame po-  cept dye~25y, consistent with the previously reporteti

Il. EXPERIMENTAL APPARATUS
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FIG. 2. An example of the He Il 4686 A spectral line, as measured by the S
IDSP, fitted with a convolution of a Gaussian and the known instrumental of . . pull_reconnection
broadening. a 1205— —_ w/r;:-connection' ' 3
E 100 E — — w/o reconnection _
. 2 . . . . . § 80F ‘f
~p; scaling? Spatially, the reconnection region is located in — ok ]
an area given bR~35—40 cm andZ~ —10—10 cm. 5 w0k E
A major new accomplishment of this work is the local é 205_ 3
measurement off; using the lon Dynamics Spectroscopy e ot
Probé (IDSP) developed at University of Wisconsin— ~’E 25k —
Madison. The IDSP is an insertable probe which collects > 2.02_ E
plasma light from a localized volume. Two perpendicular = 1 sk 3
lines-of-sight(5 cm in length can give simultaneous Dop- 5 ]
pler broadening and relative Doppler shift information, al- = 1.0F E
though only one line-of-sight is used for the present experi- - 0‘53 E
ments. Figure (b) shows the placement of the IDSP in MRX ook

220 240 260 280

(to scale; the lines-of-sight can be oriented in &-Z or .
ime (us)

R- 6 plane. Further details of the probe are described in Ref.
5. Plasma light is delivered via fiber optias & 1 mmono-  FIG. 3. Time evolution oftop) T; and T, (middle) local heating rat&j ,,
chromator (0.05 A resolutioph and imaged with a gated and(bottom dissipated magnetic energ,, ,o(Eyj,)dt’ per unit volume,
charge-coupled devid€CD) camerawavelength resolution ;’;\II in the ceEter of the recorlnecnon layer for null-helicity dischar@@sP

. . ocated atR=37.5 cm andZ=0 cm).
of 0.074 A /pixe). The reportedr; values are determined by
fitting He Il 4686 A spectra to a single Gaussian convolved
with the known instrumental broadening, an example of  With the IDSP situated in the center of the reconnection
which is shown in Fig. 2. The approximately 0.2 A of fine region (R=35—40 cm andZ=—2.5—2.5 cm), as shown in
structure in this emission lingslightly less than instrumental Fig. 1(a), T; as a function of time was obtained for four
broadening introduces a small systematic errdess than cases: with and without reconnection for both null-helicity
20%) in the lower range of reported; values and can be and co-helicity discharges. “Pull” reconnection is driven
neglected without altering the physics conclusions of the pawhen the PF current is allowed to ramp down after reaching
per. Time resolution is limited by available light, requiring its peak, which induces the requisksg in the plasma from
the width of the CCD gate signal to be10 us. Stark broad- time t~250—280 us. To suppress reconnection, the PF cir-
ening is negligible, and IDSP perturbation of the plasma wasuit is shorted oufcrowbarred at the approximate time of
seen to be minimal after approximately 15 conditioning dis-peak current so that the current decays over several hundred
charges at the start of each run-day. IDSP Doppler shifts argicroseconds and the induc&g is much smaller. All other
also used to calibratéMach probe measurements of ion flow controllable parameters, such as capacitor bank voltage and
speed derived from an unmagnetized fluid sheath tHeory initial gas pressure, were kept constéhthe T; time scan
generalized fofl;~T, (see the Appendjx was accomplished by advancing the CCD gate trigger timing
over multiple plasma discharges. The CCD gate is open for
10 us but increased to 20s early and late in the scans due

I1l. IDENTIFICATION OF ION HEATING - .
to limited plasma light.

A. Time evolution of ion temperature

If ions are heated predominantly by the reconnectiont- Null-helicity
process, one might expeck; to increase with time in A substantial rise iT; in the center of the reconnection
the reconnection layer when reconnection is driven andayer, from approximately 6 to 17 eV, is observed when re-
T; to remain constant when reconnection is not drivenconnection is driven, and no rise ify is observed when
provided that all other controllable parameters are un+econnection is not driven, as shown in Figtap) for null-
changed. However, note that failure to observe a ris&;in helicity reconnection. The initialT;~3-5 eV beforet

does not preclude ion heating because the obsefyadso  ~245 us for both cases is believed to result from the earlier
depends on the rate of ion heat loss from the volume beingpush” reconnection phas¥. In Fig. 3top), error bars in the
sampled. ordinate represent standard deviations in an ensemble of
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measurement5—10 discharges and error bars in the ab- Co—helicity
scissa represent the CCD gate time. The risg iis strongly [ ' N ' ]
correlated with the magnetic energy dissipation rate, as rep- 20F i ? W/rec"””ed"’: 7
resented by the value &jj, in the center of the reconnec- o T‘ V:v//c:ercicnonn;iicofn
tion layer, shown in Fig. @niddle). For the case in which no =15k - T. w/o reconnection .
reconnection is driven, the dissipation rate is smaller by a - -
factor of 10, consistent witl; remaining constant. Taking '; - P 1
. . . . .. . 2 10 ~ - < /
the time integral ofE,j, gives the dissipated magnetic en- 5 o~ p ~ rL
ergy per unit volume at the center of the reconnection layer, = 5: 1 ]
as shown in Fig. ®ottom). Note the remarkable agreement n SRR o g
in the time evolution ofT; and the dissipated magnetic en- ] % /T——Tn ]
ergy for both cases, but especially for the case with recon- . Of— + pu_ rpeennee 3
nection. These observations indicate strongly that reconnec- ¢ '20F T _ x;;efz’c’gjﬁgf{l‘on E
tion provides the energy source for the riseTin = 100¢ E
The time evolution ofl is shown in Fig. &op). The T, 2 80f E
is already at 15 eV early in the discharge, likely due to ohmic S 60 3 E
heating associated with plasma formation. The time evolu- ~x A0r E
tion of T, starts to diverge arount250 us for the two § 20F ~ E
cases of with and without reconnection. It might appear P O; = = * E
counter-intuitive thatT, decreases when reconnection is £ 2.5 _ ]
driven and stays constant when reconnection is not driven. 3 2.0fF E
However, a likely explanation is the following. Radiative ;»1.51— B
losses are enhanced due to higher density when reconnection = 1.0F E
is driven. Thus, even if electrons are heated due to reconnec- W g b /—/ 3
tion current sheet dissipatioff, could decrease if radiated :o . ==
power overwhelms the heating rate. This would be consistent 520 540 260 280
with the T, data in Fig. 3top). Another interesting explana- time (us)

tion could be the conversion of electron energy to ion energy _ _ _ _ _
via nonclassical processes which arise only when reconne&lC. 4. Time evolution oftop) T; andT., (middle) local heating ratéj,,
tion is driven. However, it should be emphasized that a con2"d(Potom energy dissipateday (B4 )dt per unit volume, all in the

. . . . center of the reconnection layer for co-helicity dischardBsSP located at
clusive explanation of th&, data would require further in-  r—37.5 cm andz=0 cm). The nonphysical decrease in dissipated energy

vestigation. (represented by the dotted line in the bottom priweh result ofE, going

A direct ion heating mechanism must be operative ifnegative due to the plasma “pinching off” from one flux core.
reconnection is responsible for the ion heating. “Direct”
means that dissipated field energy is converted to ion energy
without requiring classical energy exchange with electrons.
In these helium discharges, ion.s cannot be heated clas'sicalgﬁergy. The nonphysical dotted section of the curve dfter
by th_e elgctrons because the ion-electron energy equiparti- 270 us is a result of thé,,j , term going negative due to
tion time is 400us or more, and furthermore, the energy

. . . ”? the plasma “pinching off” from one flux core, and this
gained by electrons during reconnection due to classmatlh b b 9

ohmic heating is insufficient by an order of magnitude. OneShOUId not be interpreted as part of the main reconnection

obvious direct ion heating mechanism which would be con>cguence. The continued rise'in after t=270 us is likely

sistent with the data in Fig. 3 is classical viscous heating bﬁ“e to uncqntrolleq reconnecno_n and the improved F:onﬁne—
ion flows accelerated during reconnection. However, classi[_nent gssomated with the formation of a spheromak-like con-
cal viscous heating is estimated later in Sec. VE to be insufiguration. _ o

ficient in MRX. This leaves only the possibility of nonclas- 1€ time evolution off;, shown in Fig. 4top), for the
sical mechanisms. co-helicity case differs from the null-helicity case. Firs§t,

~10 eV for the co-helicity case compared to 15 eV for the
null-helicity case. The discussion given previously to ac-
2. Co-helicity count for the difference inT, after t~250 us for null-

In the co-helicity caseT; also rises during reconnection, Nelicity should apply to the co-helicity case also, except in
from approximately 3 to 7 eV, as shown in Fig(tap). this case thd, rise att=270 us (with reconnectionmay be
Again, no rise inT; is observed if reconnection is not driven. due to the improved confinement of the “pinched-off”
The local magnetic energy dissipation ratgj , is shown in ~ spheromak. The difference i, beforet~250 us in this
Fig. 4middle). In magnitude, it is on average a factor of 2 case may be attributed to a very early PF crowbar time of
smaller than the null-helicity case, consistent with the ob-=200 us for suppressing reconnectiofgompared tot
served smaller rise ifi; . The dissipated magnetic energy as =220 us for null-helicity), meaning there is less early heat-
a function of time is shown in Fig.(Bottom), and the initial  ing due to the push reconnection phase for the co-helicity
rise in T; is well correlated with the dissipated magnetic experiments.
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FIG. 5. Time evolution oftop) T; with the IDSP placed in the center of the
reconnection layer R=37.5 cm andZ=0 cm) and (bottom dissipated
magnetic energy for both null-helicity and co-helicity reconnection. . 0 . . u
240 250 260 270
time (us)
3. Comparison of null-helicity and co-helicity FIG. 6. Time evolution of(top) E,, (middle) j,, and (bottom E,j, for

. o null-helicity and co-helicity, all in the center of the reconnection layer.
Figure 5 shows the key results from null-helicity and

co-helicity together. In the null-helicity cas€; rises by an

amountAT;~11 eV (from t=245-280 us) and the local  for null-helicity compared to co-helicity is consistent with
dissipated energy at=280 ws is 2.1 kJ/m. In the the implied stronger heating. The reduced dissipation rate in
co-helicity case, which is valid up =270 us (due toE,  co-helicity is due to a factor of 2 reduction &,, which
going negativi AT;~2.5 eV (from t=245-270 us) and  translates to a slower reconnection spésiice reconnection
the local dissipated energy is 0.8 ki/rand t=270 us.  gpeed is proportional th,). This is consistent with previous

These numbers indicate that null-helicity reconnectionfingings that co-helicity reconnection is up to a factor of 3
heats ions more effectively since 2.6 times more dissipatedjower  than  null-helicity and  counter-helicity

energy resulted in 4.4 times the riseTip. Furthermore, the reconnectiort®
large difference exists despite the fact that co-helicity
likely has better ion confinement due to a strong toroidal
field. 4. Summary

Stronger ion heating might suggest the increased effect In theseT; temporal-scan experiments, an increasg;in
of nonclassical dissipation, and this can be investigated witllluring reconnection was identified and causally linked to the
respect to resistivity enhancement over the classical Spitzgresence of reconnection. This is an important result because
value. Figure 6 shows the time evolution®f andj, sepa- ion heating due to reconnection had not been identified ex-
rately (as well asEgj,) for null-helicity and co-helicity perimentally before in a rigorous manner. In both null-
reconnectiot® A time-averaged effective resistivityy* helicity and co-helicity reconnectiofi,; increased when re-
=E,/j,, can be determined for the two cases. For the nullconnection was driven and stayed constant when
helicity case (averaging overt~245-280 us), 7n* reconnection was not driven. TAg increase correlated well
~(140V/m)/(0.4 MA/In?)~3.5x 10”4 ) m and the classi- with the dissipation of magnetic energy due to reconnection,
cal 7, ~2x10 ° QO m (T,~15 eV, usingZ.z=1) resulting  showing remarkable proportionality with the dissipated field
in an enhancement factor of 18. For the co-helicity dase  energy in the null-helicity case. Null-helicity reconnection
eraging over t~250-270 us), #%*=~(50V/m)/  resulted in a disproportionally highdr increase compared
(0.35 MA/n?)~1.4X10" % Q m, and the classicah~1.8 to the co-helicity case, indicating stronger ion heating for
X107 Q m (Te~10 eV, usingZ.4=1), resulting in an en-  null-helicity. This is consistent with the fact that null-helicity
hancement factor of 8. Note thgt is compared to the clas- reconnection had a higher value of resistivity enhancement,
sical , (#)) for cross-field(paralle) current of the null-  which suggests the possible role played by nonclassical dis-
helicity (co-helicity) case. The larger resistivity enhancementsipation mechanisms.
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FIG. 8. Mach probe measurements\4f as a function oR at Z=10 cm
and as a function oZ at R=38 cm averaged over=250—270 us.

FIG. 7. Radial profiles ofsolid line) the relative rise inT; from t=255
—265 us (R=37.5 cm,Z=0 cm) and(dashed lingthe reconnecting field

B, during the same timéalso atZ=0 cm) for null-helicity discharges . . . . .
(szhots 119614_11 659 ¢ ) Y ’ ion flow in MRX suggest that a different scenario is possible,

namely that substantial ion heating during reconnection can
occur even with sub-Alfveic flows and small classical vis-
B. Radial profile of ion temperature rise cous heating.

If ions are heated predominantly by the reconnectiona. Downstream flow
process, one would also expect the observable ri3e o be
largest near the reconnection lay&=¢ 35— 40 cm). Indeed,
this was seen experimentally.

To determine the spatial profile of the ion heating, the
IDSP was scanned iR for two CCD gate timest,=250
—260 us and t,=260-270 us; define AT;=T;(t,)
—T;(t,). Figure 7 shows a peaked profile #f; /T;(t;) for

lon downstream flow speed profiles were measured lo-
cally using a Mach probe, the data from which was cali-
brated using the IDSP. The maximum downstream flow
V;z~8 km/s, as shown in Fig. 8 for null-helicity reconnec-
tion, is equal to 0.2,, whereV,~39 km/s fi,~5x 10"
cm 3, B=250 G, and mass of heliumThe flow speed is

- . : : : Iso seen to increase linearly from 0 to 8 km/s along the
null-helicity reconnection, suggesting that ion heatin oc2 . .
y 99 g g layer fromZ=0—10 cm. The pattern of the flow is consis-

curred in the vicinity of the reconnection layer. The recon—t ¢ with two-di ional(2D) th tical i
necting fieldB, profile averaged over the same shots is alsoend \?” WO'S |metns||30ni( g " tvre]ore Ica .treé:onr;et(;llog
shown to indicate the location of the reconnection laer- mode’s, €.g., sweet—rarker, but the magnitude ot e Tiow

tween the “knees” of theB, profile, R~35—40 cm. lon differs substantially(theoretical models generally predict

temperature rises approximately 75% in the reconnectio ownstream ﬂOWS_ fit the A_vae_sp_eeo!VA). I_Downstream .
layer and not at all elsewhere. Error bars in the ordinat ow for the co-helicity case is similar in profile and magni-

represent one standard deviation in an ensemhlelpimea- . .
The maximum energy density of the measured flow

surementgapproximately five discharges at each gate jime 2 911 I/, usingn,—5x 10 cm~3) is an order of
[} e

and error bars in the abscissa represent the spatial regiéRViZ_ .
from which plasma light is collected by the IDSP. magnitude smaller than the observed ion thermal energy den-

o . . _ 3 a3
For the co-helicity case, rise ifi; is small compared to sity increase (BAT;/2~120 J/nf, usingn,=5x10"*cm

the statistical error between shots, and the observed spatiHP'Ch remains roughly constant in time aid’; =10 eV),

heating profile is essentially flatvithin error bar$. Better implying that.the. observed ion heating is unlikely t.o result
temporal and spatial resolution than what is currently posl;lrom therm?hzatlon ?ftr:he gutflow]; tl;urtlhe;;moiei Osmce the
sible is required to reveal a meaningful spatial profile of, ows are stronger at the edges of the 1ay. = . cm,
AT, /T, for co-helicity discharges ion heating due to viscosity could not easily explain the ob-

IIn Ithe above experiment, a épatial correlation betwee erved ion heating in the center of the reconnection region

the rise inT; and the location of the reconnection layer was _Z:O _cm). Estw_nates O.f the ion heating due to classical
shown. This is further indication that the reconnection pro—vISCOSIty are estl,m_ated m_Sec. VE. and sh_own to I_oe small.
cess is directly responsible for the observed ris&;in . The sub_—Avaemc Viz In MRX is consistent with the
buildup of high downstream pressure which reducesMipe
force alongzZ.!! Theoretical models generally assume a low
ambient downstream pressure, and thus ion flows can be ac-
Reconnection is generally expected to accelerate bulkelerated toV,. In MRX, high downstream electron
plasma flows. There is evidence for this in solar observapressuré’ has been verified by Langmuir probe measure-
tional data, magnetospheric satellite data, and in laboratorgnents ofn, and T, in the downstream region. Th&profile
experiments. Indeed, reconnection can hardly be mentioneaf nT, is peaked neaZ=0 cm early in the reconnection
without the expectation of Alfugic plasma flows. One of the phase but it becomes flat later in the reconnection phase,
conventionally accepted means of ion heating is via classicahostly due to a rise img.
viscous damping of these flows. However, measurements of The absence of energetic downstream flows in MRX is

IV. ION FLOW MEASUREMENTS
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FIG. 9. IDSP measurement of toroidal ion flow, at Z=0 cm andt FIG. 10. IDSP measurement of toroidal ion flowy, at Z=0 cm andt
=250-270 us for null-helicity reconnectiortshots 10 981-11 097 =250-270 us for co-helicity reconnectiofshots 11 343—-11 428

an important difference compared to the situations in ¥S-3 . N
and S%Xlo in which ions are F;ccelerated \6,. The down- current sheet. The peak value bf, in the layer is higher
’ ' than for the null-helicity case but still only 5 km/s<(L eV).

stream pressures in TS-3 and SSX were likely to be much The important conclusion of the toroidal flow measure-

lower than the pressures in the reconnection layers. In MRXments is that the observed ion heating does not originate

:;);wr;i?g;?nc;:wosc;ur: ivr¥1ltr;?tuatntthr?e(\jvexﬁfeﬁ?a(atirgnotri?:;gfgﬁmm energetic toroidal ion flows in the layer. The instanta-
! b ’ neous energy density of these ﬂOW;SV(?o/ZS 1.5 J/nf) is

IS glso an interesting example of h°V.V global bqundary CON%wo orders of magnitude smaller than the observed ion ther-
ditions can affect the local reconnection dynamics.

mal energy density£120 J/ni) and, as in the downstream
flow case, classical viscous heating by these flows is insuf-
ficient to account for the ion heating, even\f, is indeed
Toroidal ion drift speed/;, measurements reported here underestimated by an order of magnitude; this is shown in
are based on Doppler shifts of the Hell 4686 A ion line Sec. VE.
emission collected locally by the IDSP. The IDSP is scanned These measurements imply that ion contribution to the
over several radial positions. At each radial position, 5—1Qoroidal current is insignificant. In general, the out-of-plane
shots are taken with the sightline at a 45° angle toth®  reconnection electric fiel&, is a candidate for particle ac-
direction, and then this is repeated with the sightline at a 45teleration to very high energies, especially in collisionless
angle to the— 6 direction. The averaged differend®f events such as solar flares. In MRX, which Hag~150
course accounting for the angle of the sightlingives the  V/m, acceleration of ions tey,;~27 km/s would require
relative Doppler shift, which translates to an absolMig. only 8 us (if particles are allowed to accelerate unimpeded
CCD gate time ig=250—270 us. It is important to recog- by magnetic fields Furthermore, the Harris mod&lwhich
nize that these measurements have limitations due to spatiptedicts magnetic field profiles antlvalues consistent with
(5 cm) and temporal(20 ws) averaging effects, and thus it is MRX,? has ions drifting at the diamagnetic speed 30
conceivable that the local, instantanedys might be under-  km/s in MRX). Therefore, it is valid to question why larger
estimated. However, Mach probe measurementsvVgf, values ofV;, are not observed in MRX. A likely reason is
which yield much better spatiak(1 cm) and temporaldigi-  the cancellation of an§ , acceleration by afEgx B drift.?!
tized at 2us) resolution, show relatively good agreement. Other mechanisms which might inhilki, acceleration in-
Figure 9 shows the radial profile &f , for null-helicity ~ clude Speiser orbit effectd,wave-particle scattering}, and
reconnection. Vertical error bars represent shot-to-shot varidinite time of ion residence in the current sheet due to recon-
tion and horizontal error bars represent the spatial extent afection outflonwV,, . The conclusive resolution of these im-
the IDSP. The profile shape is somewhat unexpected, but fiortant questions requires further investigation, and it will be
has been verified many times by different measurementebtained only after surveying a much wider parameter re-
(Mach probe and chord-averaged spectrosgopince there gime.
is very little current beyondR=40 cm, these measurements
imply that the entire plasm@ot just iong is rotating on the
outside. Most importantly, note that the magnitude/gf in V- ION ENERGY BALANCE DURING RECONNECTION
the layer R~35—40 cm is much less than the ion thermal In this section, an energy balance for ions during null-
speed (= V2kT;/m;=27 km/s for 15 eV helium ions  helicity reconnection is considered in detail. The goal is to
The co-helicity case is quite different, as shown in Fig. 10.determine a lower bound on the energy gained by ions dur-
The flow profile is symmetric and peaked slightly outside theing the reconnection process and to estimate how much of

B. Out-of-plane flow

Downloaded 20 Apr 2001 to 131.215.237.187. Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 8, No. 5, May 2001 Experimental study of ion heating and acceleration . . . 1923

that energy is converted nonclassically. The energy balance 2007 y
equation used here is based on E23 of Braginskii?* ////5//;//{/;;//;;/5/,,;;\;\
3 9(nT)) 3 15 ///// ///////////////,,/_
5 +nT,-V-V+V-(5nT,-V)+V-q /////////////////;;;;;;//////////////
_ ® £ 100} Vi
_Qi—n+Qvis+Qife+Qnoncl’ zZ ////////
Qclassical o //////////////////////////////////
where the terms on the left-hand sidédS) are (from left to 501 ///////////////////////////////
right) rise in ion thermal energy density, a compression term _\_’//// /////////////////////
including work done by pressure, convective heat loss, and “=::—=,Z/////////////////////
conductive heat loss. The terms on the right-hand GRS oF | "’/7//7;//;///////////
are sinks and sources of energy for the ions, includiram "“l /// BRECAS
left to right) energy lost to neutrals, viscous heating, heating " "‘ Lo

due to electron-ion collisions, and any nonclassical ion heat- TR T
ing mechanismge.g., due to wave-particle interaction$he
second and third terms on the RHS represent energy due EBG 11. Surface plot of null-helicitf, as a function of radius and time,

. . . . . . averaged oveZ=—2.5—-2.5 cm (from 90-channel probe measurements,
classical heating. The total ion heating is some fraction of th%“,eraged over shots 12 233—12 66
reconnected field energy, which is known frdtyj , derived
from magnetic probe measurements. Each term of (Eq.
will be estimated based on experimental data wherever pos- Note thatE, is relatively uniform in space, whilg, is
sible. Note that); _, can be neglected since the characterispeaked neaR=37 cm. Both quantities increase in time as
tic classical ion-electron energy equilibration time is morepull reconnection proceeds and then reach a short flat-top
than 400us and thus irrelevant on the 30s time scale of aroundt=260 us before starting to decrease. Energy dissi-
the reconnection process. pation is clearly strongest in the reconnection layer whgre

The results show that a substantial fractionore than is concentrated. Using thE, and j, data in Eq.(2) gives
half) of the reconnected field energy is converted to ion enW,,~4.8+0.7 J. It should be noted that the volurke is
ergy, mostly due to nonclassical mechanisms. These resultsly a fraction of the total reconnection volume, and that the
differ from reported TS-3 resuftsn which ion heating was total energy dissipated in the entire reconnection volume
attributed predominantly to viscous damping of Afieion  during At is estimated to be on the order of 30 J.
flows, and from classical MHD reconnection models in
which ion; are hgated both by viscosity and by energy exg_ |ncrease in ion thermal energy
change with ohmically heated electrons. ] o )

In calculating an energy balance, a finite volume and The increase in ion thermal_energy, the f|_rst t_erm on the
time duration must be defined. Here, the energy balance isHS of Ed. (1), in volumeV during reconnection is calcu-
considered for a given volumé=5.9x10"3 m3, which is  lated as follows:
the area monitored by the IDSFR(=35—>4O cm andZ AWm,iE%[n(tz)Ti(tz)—n(tl)Ti(tl)]V~0-5i0-2 J,
=—2.5-2.5 cm revolved around the axis of symmetry. 3
Thus, the volumé/ is a toroid coinciding with the center of
the current sheet. The time duratidn considered is the pull
reconnection phaset; =245-t,=265 us. The data are
from a set of null-helicity discharges with the same
parameter® as the ones in Figs. 3 and 7. Note that all the
calculations in this section invoke axisymmetry sinte
measurements are known only at one toroidal position.

A. Reconnected field energy

Before examining the terms in E@l), the energy re-
leased due to reconnection will be calculated first. The dis-
sipated magnetic field energy can be calculated according to

t 13 to PN
WI'EC: EJ d th% E(;Jﬁd th, (2)
ty Jv t, Jv

which represents thtal energy due to reconnecti@avail-
able to heat |on$anc_j _elecnon}s The toroidal electric field FIG. 12. Surface plot of null-helicity,, which is peaked in the reconnec-
_Eo and current density, as a function oR andt are shown oy, layer, as a function of radius and timeZat 0 cm (from high-resolution
in Figs. 11 and 12, respectively. 1D probe measurements, averaged over shots 12 233-12 266
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' ' ' ‘ ' ' tive and conductive heat loss. The energy lost must be ac-
counted for since their original source was the dissipated

10F ] magnetic energy. The heat conduction estimates in this sec-
tion are based on classical transport. Therefore, they likely
0.8¢ & ] represent a lower bound on ion energy loss since the trans-
= o6k ] port is almost certainly not classical. It is important to em-
£ & ] phasize that this would only lead to an underestimate of en-
QD 04f 1 ergy conversion to ions. In general, ions may also lose
o’ & ] energy to neutrals, and this is discussed.
0.0 prmmmereee T ] 1. Convection
—0.2 : ool ——— Convective heat loss, the third term on the LHS of Eq.

(1), out of V during At can be estimated as the heat con-

vected out ofV,
FIG. 13. Observed increase in ion thermal enekdyy, ; versus reconnected 5
field energyWi,.. for null-helicity discharges with varying firing voltages. Wo=[3n(layenT;(layen]x (volume of plasma oif

4

— — s 3. . minus the heat convected int
wheren(t;)~n(t,)~5+1x10" cm 3 is the density aver-

aged over ared, andT;(t;)=~6=*1 eV andT,(t,)~13+2 Wi,~[ 2n(upstreamT;(upstream)]
eV (see Fig. 3. Note thatAWy,; is only the remnantion ,
thermal energy iV and does not include ion heat loss during X (volume of plasma in ®)

At. The rise in ion thermal energy is due predominantly to aduring At. The volumes of plasma flowing out of and inio
rise inT;, as the density in the layer remains fairly constantare determined based on the outflow spe€gd=3-+0.8 km/s
(ng=5x10" cm™3) during At. and inflow speedV,g~3+0.4 km/s, respectively. At the
As an aside, an additional set of experiments in whichpoundaries of volume&/, the two speeds are approximately
the firing voltage was variéd is reported here. A range of equal and thus the volumes convected in and out are also
AWy, ; andW,c were obtained in this experiment. Figure 13 equal (1.4 102 m®). The density in the layen(layer) is
shows thatAW,,; scales withW,, i.e., T; rises more as approximately 5 1x 10" cm 3, and the average upstream
more energy is released due to reconnection. Each data poigiénsity is approximately 80.4x 103 cm™3. The layerT,; is
represents the average of five plasma shots at a given firingpproximately 120.9 eV and the average upstream
voltage, and error baférom data point to extremeepresent ~10+1.3 eV. These numbers combine to yield a total ion
one standard deviation in the shot-to-shot scatter. This ignergy loss due to convection out of volureduring time
consistent with the conclusion from Sec. Ill that the observed\t of W,,pyection= Wour— Win~1.0=0.7 J.
rise inT; is causally linked to reconnection.

2. Conduction
C. Compression L .
lon heat loss due to thermal conduction is estimated us-

The second term on the LHS of E@) is a compression ing classical transport. This estimate likely represents a
term including the work done by pressure forces. It can bgower bound becaus@) T; gradients may be underestimated
estimated approximately aT;(dVr/dR+3dV;/dZ))VAt  due to the time resolution of the measurements, @nen-

(the VR/R term of V-V averages to nearly zero ovérand  hanced nonclassical transport mechanisms are unknown but

is neglectefl where the brackets indicate a spatial averageyre likely to exist. lon energy loss due to classical conduction
over V and temporal average ovért. Using values ofn can be written &

~5+1x10%® cm 3 T,=10=1 eV, dVg/IR~

—(4.8km/§/(0.05m)=—9.6+1x10" s, and aV,/dZ Voa==V, - (k V. T) = V(x V) T)
~(8 km/9/(0.1m)=8+2x10"* s, the compression term nT,
iS Weompressior” —0-1620.31 J. The negative value means +V.l5og (B/BXV T, (6)

that there is some ion heating in volurkledue to compres-
sion. The large relative error arises due to the subtraction othere the last term on the RHS vanishes sin&#B(
the velocity gradient terms, which results in a small numberX V T;) has only ag component an@/d6=0, and«, and
with large relative error. It will be shown that this compres- | are the perpendicular and parallel ion thermal conductivi-
sion term is small compared to the ion loss terms, and thutes, respectively;

the rough estimate adopted above is justified.

2nT; , 1
K, = ~2.8+0.6X 10—, (7
mMywg; 7; ms
D. lon energy losses iWeiTi
i i i - 3NTT 1
Since volumeV is an open system, a complete ion en k= T 11.0+ 2 2¢ 1072~ ®
ergy balance must consider ion energy losses due to convec- ms
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(T; in eV and all other variables in cgs unitfverage val- 'TABtIHEtL lon eggg/gy ?Ltjf?ge(;' b‘?t""fﬂf 245%2{‘55#5 in volumeV, Sth‘(’j‘”t'
. _ Ing at some (16 e dissipatea magnetic en@kgéé IS converte (0]
ues duringAt have been usech=5+1x10" cm 3, T,

=10+1 eV, andB=250 G. The total surface area Wfis 10n5 Wns-
0.48 nt, and it is equally divided between being intercepted Process Energyd)
by B, in the perpendicular and parallel directions. Using W, 48407
these values and&  T;~(2=1eV)/(5cm) andVT;~(1 Total Wi, 31+1.0
+0.5e\)/(10 cm), the ionheat loss due to classical trans- AWy, 0.5+0.2
port is estimated to bwconduction% 1.7+0.7 J. Wcompression —0.14+0.28
.. . Wconvection 1.0x0.7
3. Collisions with neutrals Wognduction ~1.7+0.7
lon-neutral collisions can be another energy loss channel  Wuis 0.8+0.3

for heated ions. In MRX regimes, charge exchange is ex-
pected to be the dominant ion-neutral interaction. By any
reasonable estimate, the plasma inside the current sheet with
T.>15 eV should be better than 99% ionized. The rate of

He—He™ charge exchange for 10 eV ions isrv)~4 Nin Vi Ny

%1072 cm®/s.2® The ion density is approximately>510t Quis™ ﬂo(WRRa—R‘*‘szﬁ—Z"‘WZRa—R

cm 3. A concentration of neutrals equal to 1% of the mea-

sured plasma density would result in a charge exchange time Vi

of 500 us, completely negligible on the reconnection time +W0Rﬁ) ~6.552.2x10° J/s . (15)

scale of 3Qus. It would take more than a 50% concentration
of neutrals in the reconnection layer to bring down the™ . '
charge exchange time to a more relevant 6. A 50% Viscous damping of ion flows Wy~ Q,sVAt=0.8+0.3 J.

neutral concentration in the presence of 15 eV electrons is P reviously in Sec. IVB, it was noted thaf, might be
highly unlikely. Therefore, ion energy loss to neutrals is ne_underestlmated due to limitations in the measurement tech-

glected. Note that ion-neutral energy loss would omly ~ Nidue. However, it can be seen from E#j5) that increasing

creasethe estimate of ion heating due to reconnection.  Vis Py @ factor of 10 would only increas@,s (and therefore
W,;s) by a factor of 1.4. This would not alter the conclusions

drawn below that most of the observed ion heating must

originate in the nonclassical ter@qnc 0f Eq. (1).
Classical heating per unit volume due to viscosity in the

absence of a magnetic fielglstified since ions are unmag-
netized in the layeris®*

Using these numbers, the maximum ion energy gained via

E. Classical viscous heating

vV, F. Nonclassical ion heating

Quis= 7oWep IxXg’ © The important terms of Eq1) are summarized in Table
where 77o=0.9T, 7~ 1.8 10~* Js/n? (usingn="5x 103 I,_ which gives a quantitativg description of energy conver-
cm 3 and T, =10 eV), and the rate-of-strain tensor is given sion to ions based on_ex.perlmeqtal data. Thg numbers show
by that 65-21% of the dissipated field energy is converted to

ion energy. Now the question is how much of that energy

W :%+ Ng 35 V.V (10) was converted via nonclassical mechanisms. As mentioned

ap Xg  IXe 3 ap ' before, classical heating due to ion-electron collisions is ne-
glected due to the long ion-electron energy partition time. In

The nonzero velocity gradients aver ver vollre X . S ,
e nonzero velocity gradients averaged over vo € any case, energy available due to ohmic heating is insuffi-

N  48km/s i cient, estimated to bez, j2VAt~0.2 J (using 7, =2
R~ 005m - 26 10's™, 1) x1050m andj ,~0.3 MA/m?). Note that this is only 4%
of the total dissipated magnetic energy. The other classical

&% 8 km/s:8 ox10f s 1 (12) mechanism is viscous heating by the ion flow, which was
9z 0.lm ’ estimated in the preceding section to beZ0B3 J. Subtract-
V. 3 km/s iINg Wyiscosity from Wigs leaves 2.3 1.0 J of energy which
20z =6.0x10%s 1, (13y  must have been converted to ion energy via nonclassical

dR 0.05m mechanisms. Thus, 481% of the dissipated magnetic en-
Vi, 2kmls ergy was converted tq ions nonplas;ically. The various en-
—R ~o05m 0% 10¢s 1, (14)  ergy components are illustrated in Fig. 14.

In this section, the energy budget of ions was considered
whereV;; andV;, are based on Mach probe and IDSP mea-carefully. The total energy released due to reconnection was
surements, an¥;r is based on taking the B inflow ve-  calculated from experimental data and compared to the dif-
locity outside the layer and dividing by the scale length offerent components of ion energy, including observable rise in
the layer. Therefore the classical viscous heating per unibn thermal energy and ion heat loss due to convection and
volume is conduction. The energy budget showed that some 48% of the
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Reconnected 020k ' ' ' ]
field energy ]
/ l \ 015k ]
17% 48% :
Classical Ion| | Non-Classical E? 3% _
Processes Ion Processes
viscosity j

Ion flow Ion Thermal
energy Energy*

<1% 64%

*including heat losses

FIG. 15. Increase in ion thermal energy normalized by reconnected field
FIG. 14. lllustration of the field and ion energy budget for null-helicity energy for varying resistivity enhancement factgrsli-helicity), showing a
reconnection. lons gained 65% of the dissipated field energy, and 48% dforrelation between the two.
the dissipated field energy was converted nonclassically.

Fig. 15 is that thgnonclassicalmechanism determining the
dissipated magnetic energy was converted to ions nonclassinhanced reconnection ratend hence increased recon-
cally. This finding on nonclassical ion heating during recon-pected field energymay also be responsible for channeling
nection, based on experimental measurements, has signifie reconnected field energy to the ions. The details, how-

cant implications since the basic mechanisms responsible fQfyer, would also depend on the ion heat loss characteristics.
enhanced reconnection rates and energy conversion are still

poorly understood. o _ .
B. Possible ion heating mechanisms

VI. DISCUSSION The experimental data have indicated the existence of
nonclassical ion heating, nonclassical resistivity, and possi-
bly a correlation between the two. The obvious next step
experimentally, presently underway, is to investigate the fre-

In the preceding section, it was established that ions arquency spectrum of turbulent fluctuations with the possibility
heated via nonclassical dissipation mechanisms. In this seof identifying relevant modes which can explain the en-
tion, experimental data is given suggesting a correlation behanced resistivity and possibly also the ion heating. Theoreti-
tween ion heating and resistivity enhancement for the nullcally, much effort has been devoted to addressing these is-
helicity case. Resistivity enhancement is defined as the ratisues and a full review is beyond the scope of this pAper.
of the measured plasma resistivify to the classical Spitzer Two approaches which might account for the enhanced re-
resistivity 7g,= 77, . The relative importance of nonclassical sistivity and ion heating are described below.
versus classical dissipation is embodied in the enhancement There are several free energy sources in the MRX cur-
factor »*/5sp, which has been shown to increase as colli-rent sheet which can drive unstable fluctuations, including a
sionality decrease's.One possible explanation for this effect large density gradient and cross field current. Turbulence
is that as the plasma becomes more collisionless, wave fieldgiven by unstable modes could provide a mechanism to pro-
can scatter current-carrying particles, increasiyfg while  duce resistivity and ion heating in current sheets. One insta-
also heating the ione.g., via Landau resonarce bility which has been extensively investigated theoretically

By scanning the discharge volt#den a set of null- in the context of current sheets is the lower-hybrid drift
helicity experimentsA Wy, ; /Wi and 7%/ ns, are varied. In-  instability?®” It is a high frequency Q;<w<Q,) mode
creasing the discharge voltage increases reconnection audiven unstable by cross-field current and associated density
thus increases ion heating. The scaling of the quantities witgradients, and it persists in the regiig=T,; as required in
each other can provide insight into the nature of the noncladviRX. The mode is strongly growing ip;-scale density gra-
sical ion heating mechanisms. Shown in Fig. 15 isdients and has a wavelength near the electron gyroradius and
AWy i /Wie Versus 7%/ nsp. The fraction AWy, ;/Wec in-  a phase velocity near the ion thermal speed. The value of the
creases from approximately 4% to 14% @4 7g,increases phase velocity allows for the possibility of resonant interac-
from 8 to 15, as shown in Fig. 18Note again thahWy,; is  tion with and heating of the ion population in the MRX
not the total energy gained by ions but only the remnant iorcurrent sheet. It is well known that the mode is linearly sta-
thermal energy in volumé&/ not including ion heat loss. bilized at high plasma3 (Ref. 29 and should exist with
Although the error bars are sizable, the trend between thappreciable amplitude only at the edges of the current sheet,
energy converted to ions and the resistivity enhancement iwhile nonclassical resistivity and ion heating are seen in the
clear. The subtle, and perhaps unexpected, hint provided bgenter of the MRX current sheet. However, strong radial

A. Correlation of ion heating with “resistivity
enhancement”
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transport produced by this mode could result in enhancetlon theories which ignore the effects of downstream pres-
resistivity” Measurements of fluctuations in MRX show the sure. Toroidal flows were also measured and shown to be
presence of strong fluctuations in the lower-hybrid frequencysmall (a few km/s at mostand not a possible energy source
range at the edges of the current sheet, and dispersion @ir the observed ion heating.
these fluctuations is consistent with the lower-hybrid drift ~ An ion energy balance for the reconnected field and ion
mode?® Studies of the relationships of these modes to theenergy showed that substantial ion heating occurred and that
reconnection process are currently underway. approximately 65% of the reconnected field energy was con-
Another possible ion heating mechanism manifests itselferted to ion thermal energy. At most, 17% of the dissipated
in collisionless reconnection simulations based on a 2.5-Dield energy would have been converted to ion energy via
hybrid code (kinetic ions, fluid electronswhich includes classical viscosity, meaning that 48% of the energy was con-
Hall dynamics and electron inerffaln this simulation, a verted nonclassically. Finally, there is a hint of stronger ion
two-scale structure develops in the reconnection layer owinf@peating with increased resistivity enhancement, suggesting a
to the Hall effect, which allows ions and electrons to de-relationship between the nonclassical mechanisms respon-
couple on scale lengths shorter thafw,;, the scale at sible for enhanced resistivity and ion heating.
which ions become unmagnetizdd/RX data also show a The exact mechaniq$) for the heating and associated
current sheet thickness @l w,;.) The electrons continue “anomalous™ resistivity is still an open question and the
inward into the layer until thee/w, scale at which they subject of ongoing research, both experimentally and theo-
finally become unmagnetized and the flux-freezing constraintetically. Conversely, the identification of nonclassical ion
is finally broken. A self-consistent electric field arises be-heating on MRX should impact current thinking on the pos-
tween thec/w,,; andc/wp scales due to the charge separa-sible nonclassical micro-physics in the reconnection layer.
tion and can accelerate inflowing ions up to the Aifve
speed. The counter-streaming ions which come in from both
sides of the layer mix and can appear to be heated instantACKNOWLEDGMENTS
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. ! e Y P Y. Dr. R. Bell for helpful discussions regarding the spectros-
and it is not clear if this ion heating mechanism would sur-

vive in a physical reconnection layer. Furthermore, the simus by MRX is funded jointly by the Dept. of Energy, the
: physical Yer. ' National Aeronautics and Space AdministratiOhASA),
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. o . . and the National Science Foundation. Two of(8sC.H. and
dominant dissipation processes in the MRX reconnectio

layer. Although experimental measurementsEaf and Vi rJI'.A.C.) acknowledge the support of NASA Graduate Stu-

on MRX do not reveal the two-scale structure describedd ent Researchers Program fellowships.
above, the theory cannot be ruled out due to spatial limita-
tions in the r_’neasurg_ments. A more pre_cise electrostatia ppENDIX: MACH PROBE DATA ANALYSIS
probe array will be utilized to address this issue.
A Mach probe collects ion saturation currégt;on each
of two oppositely facing electrodes. Intuitively, it is reason-

VII. SUMMARY able to expect that the difference between the collected cur-

In this work, local ion temperature was measured in aents should reveal information about the average ion drift
well-characterized reconnection layer. A rise Th during  SpeedV; past the probe. The experimental quantity measured
reconnection was identified, for both null-helicity {617 IS
eV) and co-helicity (3-7 eV) reconnection. Furthermore,
the T, rise was found to be causally linked to the reconnec- K=
tion process, i.e., th&; rise occurred only when reconnec-
tion was driven, and the magnitude of the rise scales with thevherel . and| _ are the(ion saturatioh currents collected
magnetic field energy dissipated. Additionally, the riselin by the upstream and downstream electrodes, respectively. By
was shown to be localized spatially in the region of the re-considering the appropriate probe sheath physics, a theoreti-
connection current sheet and magnetic field reversal. Thesml relationship betweek andV; can be postulated.
results collectively could be interpreted as the first clear ex- A large number of Mach probe papers exist in the
perimental demonstration of ion heating due to magnetic reliterature’®3! and a review of them will not be attempted
connection. here. The important parameters to consider arfap,

Local downstream ion flow measurements showed thd; /T, andp;/a, wherea is the characteristic probe elec-
flows to be small, at most 25% of, (0.25V,~8 km/g.  trode dimension andp is the Debye length. MRX plasma
This observation is consistent with the high downstreamand Mach probe parameters fall into the regiafep>1,
pressure observed in MRX, postulated to arise due to fasf;=T., andp;/a>1, in which there is no general, rigorous
pressure equalization in the finite downstream volume. Théheory to predictlg,. However, the model of Hudis and
small flow speeds of MRX are in direct contrast to the resultd_idsky®® can be used as a starting point. This model is based
of TS-3 and SSX!° as well as to classical MHD reconnec- on the Bohm sheath mod&jn which T;<T,, but modified

(A1)
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to include a net ion driftV; [<Cs=(T.+T;)/m;] at the  H. Ji, M. Yamada, S. Hsu, and R. Kulsrud, Phys. Rev. L&®. 3256

sheath edge. The ion saturation current in this case can béplr?%:;'- Ji, '\g- I?gﬁ(lfgé;- Hsu, R. Kulsrud, T. Carter, and S. Zaharia,
i ys. Plasmas, .
approximated by 12M. Yamada, H. Ji, S. Hsu, T. Carter, R. Kulsrud, and F. Trintchouk, Phys.
m; V? Jm TV, Plasmas?, 1781(2000.
| . =exp(—1/2)n;pe AG ex exp x———|, 3E. G. Harris, Nuovo Ciment@3, 115(1962.
2Te Te YToroidal symmetry has been checked by rotating a magnetic probe array
(AZ) over severab positions. No evidence of gross asymmetry was found, thus

where Nio is the density far from the probe aml is the justifying the assumption of toroidal symmetry and the calculationg of
electrode surface area. Numerical solutiSrir |, have  2ndE, based orB;.

. M. Hudis and L. M. Lidsky, J. Appl. Phys1, 5011(1970.
shown that the Bohm sheath model is not strongly dependen FIPE bank voltages13/11 kV: TF/PF bank capacitance$20 uF:

on T; for T;=Te. SinceT;~Tin the eXpe”men_tS forwhich  tppp trigger=180/270 us; TF/PF crowbar(w/reconnection=270/290
ion flow speeds are measured, E42) can still be used. us; TFIPF crowbafw/o reconnection 270/220(null-helicity), 270/200

Substitutingl . into Eq. (Al) yields (co-helicity); initial He gas pressure6 mT.
YDuring plasma formation, coil current is increasing and private flux is
V.= \/E /E tani 1K (A3) reconnected into public flux, establishing a reconnection layer elongated in
! T; m; ) the R direction. This is push reconnection.

. . 18Negative values oE, andj, beforet~248 us for co-helicity are due to
It must be emphasized that, as a general rule, theoreticakhe end of the push reconnection phase in which the indéige in the

expressions for electrostatic probes such ag/&8) are usu- other direction. The negativE, after t=270 us is likely due to the
ally not accurate to better than a factor of 2. This is not plasma pinching off from one flux-core.
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ful. Idgally, the gbsquFe value of Mach probe reSU“S.ShOUld gions near the flux cores. The thermal transit time of 15 eV electrons along
be calibrated with an independent measurement. It is foundthis path is~1 us, meaning that buildup of downstream pressure due to
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